We have analyzed the effects of polarizer and analyzer imperfections in a phase-modulated magneto-optical Kerr spectrometer, using Jones matrices, and found that these imperfections do not seriously affect measurements of magneto-optical effects, to a first-order approximation. The analysis was experimentally proved in a magneto-optical Kerr spectrometer with a dichroic polarizer and analyzer with an extinction ratio of ϳ10 Ϫ2 .
INTRODUCTION
Magneto-optical Kerr effects (MOKE's) have been attracting much attention because they can be used as tools in probing magnetism as well as for readout in high-density magneto-optical recording.
1,2 A MOKE is fundamentally related to the spin-polarized electron band structure and manifests itself by changes in polarization or intensity or both of incident polarized light when the light is reflected from the surface of a magnetized medium. 3 To study MOKE's, a sensitive magneto-optical (MO) Kerr spectrometer to measure Kerr rotation angle as well as ellipticity with a scanning wavelength is an essential instrument. 4 The measurable wavelength ranges and sensitivity of a MO Kerr spectrometer are limited by the spectral characteristics of the optical components, especially in the UV spectrum. Therefore it is important to use appropriate and high-quality optical components in designing an instrument. The most important optical element in a MO Kerr spectrometer is a polarizer, an analyzer, or both, because most polarizers have poor transmittance and extinction ratios in the UV. In general, Rochon prism polarizers made from MgF 2 are widely used because of their low extinction ratios of ϳ10 Ϫ5 in the UV region. 4 However, the Rochon prism polarizer has the drawbacks of a small birefringence angle between the ordinary and the extraordinary rays and a small acceptance angle, in addition to high cost. In particular, the small birefringence angle makes design of the optical path difficult. A dichroic sheet-type polarizer had the merits of low price, a wide acceptance angle, and a large usable area. In spite of their merits, dichroic sheet-type polarizers have not been used in MO Kerr spectrometers because of their poor extinction ratios.
So far, most studies of imperfections of polarizers have been carried out with a diagonalized Jones matrix to describe the imperfections. [5] [6] [7] [8] However, Jones matrices with finite off-diagonal elements must be used to describe correctly the imperfections of the sheet-type polarizer. Here, using Jones matrices that have off-diagonal elements, we prove that the effects of the polarizer and analyzer imperfections on measurements of the Kerr rotation angle and ellipticity in a phase-modulated MO Kerr spectrometer can be neglected to a first-order approximation, considering that the measured quantities are small and odd functions of an applied magnetic field. Figure 1 shows schematically the configuration of the MO Kerr spectrometric system considered in this study. Details of the system were described elsewhere.
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A. Perfect-Polarizer Case First we consider the case in which the polarizer and the analyzer are assumed to be perfect in alignment and operation. Jones matrices for the perfect optical elements are
(1) Here, P, A, S, and M represent Jones matrices for a polarizer, an analyzer, a sample, and a photoelastic modulator (PEM), respectively, and ␦ is the retardation amplitude of the PEM. ␦ is given by ␦ ϭ ␦ 0 sin t, where is the modulation frequency of the PEM. The matrices in Eqs. (1) are described by use of linear polarization basis vectors, except for a sample represented by left-and right-circular polarization basis vectors. The reflectivities of the left-and right-circular polarization basis vectors are given by r Ϫ ϭ r Ϫ e i Ϫ and r ϩ ϭ r ϩ e i ϩ , respectively, and they can be expressed by the following relations: R ϭ 1 /2(r ϩ 2 ϩ r Ϫ 2 ), ⌬R ϭ r ϩ 2 Ϫ r Ϫ 2 , and ⌬ ϭ ϩ Ϫ Ϫ . These quantities are directly related to the MO Kerr rotation angle K ϭ Ϫ(⌬/2) and ellipticity ⑀ K ϭ ⌬R/4R. In this case, the light intensity I, detected by a photomultiplier tube, can be written as a sequence of matrix multiplications as follows:
where E f is the electric field of the light detected by the photomultiplier tube, E i is the electric field of the light at the light source, and R is the rotation matrix. The angle between the x axis normal to the plane of incidence and the principal axes of the polarizer and the analyzer are denoted p and a, respectively. Transformation matrix F in Eq. (2), which changes the basis vector from linear polarization to a state of left-and right-circular polarization, is
When a ϭ /4, light intensity I in Eq. (2) is expressed by
Using the well-known properties of Bessel functions and putting p ϭ 0, we can rearrange Eq. (4) as follows:
where J 0 , J 1 , and J 2 are the zeroth, first, and second orders, respectively, of Bessel functions. A and B are constants determined by careful calibration. 4 If we choose
then I()/I(0) and I(2)/I(0)
are directly related to the Kerr rotation angle and the ellipticity, as can easily be seen from expression (5). 
B. Imperfect-Polarizer Case
Now we treat the case of an imperfect polarizer and analyzer. In this case Jones matrices might be represented as follows 10 :
where ␣ j ϭ ␣ jr ϩ i␣ ji and ␤ j ϭ ␤ jr ϩ i␤ ji represent the real and the imaginary parts of the polarizer and analyzer imperfections, respectively. Extinction ratio ␣ of a polarizer is related to them as follows:
For small values of ␣ i and ␤ i in Eqs. (6), one may estimate the light intensity in Eq. (2) by considering only the first-order approximation for ␣ i and ␤ i . For ␣ ϭ /4, Eq. (2) can be separated into I(0), I(), and I(2) terms, expressed as follows:
In Eqs. (8)- (10), there are no contributions from ␤ 2 or ␤ 3 . These are the same results as those found by Azzam and Bashara 10 for a null-type spectroscopic ellipsometer with an imperfect polarizer and analyzer. Considering K , ⑀ K Ӷ 1 and ͉␣ i ͉, ͉␤ i ͉ Ӷ 1, and by making a careful choice of ␦ 0 to make J 0 (␦ 0 ) Ϸ 0, we can express Eqs. (8)-(10) to a first-order approximation as follows: Fig. 1 . Schematic diagram of a MO Kerr spectrometric system: L, Xe lamp; M1, ellipsoidal mirror 1; M2, ellipsoidal mirror 2; P, polarizer; A, analyzer; L1, lock-in amplifier 1; L2, lock-in amplifier 2; D, double monochromator; PM, photomultiplier tube; E, electromagnet; G, gaussmeter; C, PEM controller; FS, feedback system; PS, power supply; PC, computer system (GPIB, analogto-digital, digital-to-analog, serial, parallel).
In the derivation we utilized the fact that the terms that were independent of the magnetic field were canceled out. In particular, in relation (11) we neglected the first order of K and ⑀ K , because I(0) is a denominator of the quantities in which we are interested and the numerators are first orders of K and ⑀ K . In comparison with those for the perfect case [expression (5)], relations (11)-(13) have terms that contain ␣ 1r and ␤ 1i . The magnitude of ␤ 1i is particularly crucial for determination of the Kerr rotation and ellipticity from the ratios I(2)/I(0) and I()/I(0), respectively. For a sheet-type polarizer and analyzer we measured I() for a mirror that had no MOKE with two settings of the polarizer angle, p ϭ Ϯ1°. If there were no ␤ 1i term in expression (12), I() would be independent of the polarizer angle and, thus, the measurement results at p ϭ Ϯ1°w ould be same. In Fig. 2 we show the measured values of I() for the two cases p ϭ Ϯ1°in the wavelength range 250-400 nm. Any difference in the two values measured at p ϭ Ϯ1°reflects the contribution of the 4␤ 1i sin(2p ϩ ⌬) term in determining the ellipticity. Experimental results in Fig. 2 reveal that the error that originates from the ␤ 1i term is negligible; thus one can neglect its contribution in measuring I().
We rotated polarizer angle p from 0°to 360°and measured I(2) at wavelength 300 nm. The results are shown in Fig. 3 . In this figure, the experimental values are represented by open circles. Using Eq. (10), because p is not small in this case, we could fit the experimental results. The solid curve in Fig. 3 corresponds to the fitting results. We can modify Eq. (10) as follows: (14) where
Therefore the errors that originate from ␣ 2r and ␣ 3r , the imperfections of the polarizers, change just the proportional constant. If we consider the polarizer angle p to 2pЈ ϭ 2p Ϫ 0 , the effects will be removed in a careful calibration similar to that made above. So, in expression (14), only the last term remains. However, we can neglect the contribution of the last term, as the effects of ␤ 1i on the measurement of I() are negligible, as was shown above. Therefore we can conclude that the contributions of the polarizer and the analyzer imperfections can be neglected in a MO Kerr spectrometer that employs sheettype polarizers.
In such a case the effects of ␣ 1r can be eliminated, because they are canceled out when we determine the ratios of I()/I(0) and I(2)/I(0) as follows:
Expressions (15) and (16) clearly demonstrate that one can determine the ellipticity and the Kerr rotation from the measurements of I()/I(0) and I(2)/I(0), respectively, exactly the same as for the perfect case.
According to the above calculations and experimental results, the error in MOKE measurements with a sheettype polarizer and analyzer with a typical extinction Fig. 2 . Ellipticity measured at polarizer angles p ϭ Ϯ1°. Any discrepancy in the ellipticity between the two polarizer angles reflects the contribution of an imperfect analyzer. value of ␣, ␤ Ϸ10
Ϫ2 is negligible. When we set p ϭ 0, the main error terms in expressions (12) and (13) are Ϫ2␤ 1i sin(⌬) and 2␤ 1i (⌬R/2R), respectively. Therefore we can conclude that the percentages of errors are of orders of ͉␣͉ and ͉␤͉ in the MOKE measurement. Therefore, if the extinction ratio of the polarizer is 0.01, the typical error in the measurement is ϳ1%. In this simple argument we have assumed that the Kerr rotation and ellipticity of a sample are of similar magnitude. However, if either the Kerr rotation or the ellipticity is much larger than the other, the above statement may not be correct. In that case, the larger property contributes to the smaller one as an error. Therefore, in this case, a morecareful measurement will be required with this method.
We measured many magnetic samples, using the MO Kerr spectrometer depicted in Fig. 1 . The MO Kerr spectrometer used a sheet-type polarizer and analyzer (ultraviolet dichroic polarizer, Oriel 27320) with an extinction ratio of ϳ10 Ϫ2 in the wavelength range 250-800 nm. We obtained the Kerr rotation angle and the ellipticity with high resolution. Figure 4 illustrates a typical example of the Kerr hysteresis loop for a compositionally modulated 20ϫ (4.6-Å Pt-5-Å Co-4.6-Å Pt-5-Å Ni) film at a wavelength of 300 nm. 11 Notice the very smooth and noiseless loop in Fig. 4 . The resolution of the apparatus for measurement of the Kerr rotation and ellipticity turned out to be better than 0.001°in the wavelength region 250-800 nm, even though we used a sheet-type polarizer and analyzer.
CONCLUSIONS
In summary, we have investigated the effects of polarizer and analyzer imperfections in a phase-modulated magneto-optical Kerr spectrometer that uses Jones matrices with off-diagonal elements. The effects were theoretically examined within the first-order approximation of the polarizer and analyzer imperfections. It was explicitly shown that the effects of the imperfections could be removed by careful calibration for small MO Kerr effects. We experimentally proved the theoretical prediction by measuring MO Kerr effects with a MO Kerr spectrometer with an imperfect polarizer and analyzer. Therefore it can be concluded that the performances of the polarizer and the analyzer do not seriously affect measurements of MO Kerr effects.
